Obese adipose tissue expansion is an inflammatory process that results in dysregulated lipolysis, increased circulating lipids, ectopic lipid deposition, and systemic insulin resistance. Lymphatic vessels provide a route of fluid, macromolecule, and immune cell clearance, and lymphangiogenesis increases this capability. Indeed, inflammation-associated lymphangiogenesis is critical in resolving acute and chronic inflammation, but it is largely absent in obese adipose tissue. Enhancing adipose tissue lymphangiogenesis could, therefore, improve metabolism in obesity. To test this hypothesis, transgenic mice with doxycycline-inducible expression of murine vascular endothelial growth factor (VEGF)-D under a tightly controlled Tet-On promoter were crossed with adipocyte-specific adiponectin ereverse tetracyclineedependent transactivator mice (Adipo-VD) to stimulate adipose tissue especific lymphangiogenesis during 16-week high-fat dieteinduced obesity. Adipose VEGF-D overexpression induced de novo lymphangiogenesis in murine adipose tissue, and obese Adipo-VD mice exhibited enhanced glucose clearance, lower insulin levels, and reduced liver triglycerides. On b-3 adrenergic stimulation, Adipo-VD mice exhibited more rapid and increased glycerol flux from adipose tissue, suggesting that the lymphatics are a potential route of glycerol clearance. Resident macrophage crown-like structures were scarce and total F4/80 þ macrophages were reduced in obese Adipo-VD s.c. adipose tissue with evidence of increased immune trafficking from the tissue. Augmenting VEGF-D signaling and lymphangiogenesis specifically in adipose tissue, therefore, reduces obesityassociated immune accumulation and improves metabolic responsiveness. (Am J Pathol 2019, 189: 924e939; https://doi.org/10.1016/j.ajpath.2018.12.008) Obesity is an epidemic-level health problem because of the comorbidities of the metabolic syndrome caused by dysfunctional expanded adipose tissue. Systemic insulin resistance and dyslipidemia are rooted in the inability of obese adipose tissue to safely store excess calories. 1 Obese adipose tissue exhibits symptoms of chronic inflammation, including hypoxia, immune cell accumulation, and fibrosis, leading to the spilling over of proinflammatory cytokines and excess lipids to the system. 2e4 In preclinical models, targeting adipose blood vasculature, matrix composition, or infiltrating immune cells has each proven effective in improving local adipose tissue responsiveness and, in doing so, preserving healthy systemic metabolism during obesity. 2e4 The lymphatic vasculature is essential for maintaining tissue homeostasis through the uptake and transport of peripheral fluid, macromolecules, and immune cells. 5 The presence of lymphatic endothelial cells (LECs)dthemselves capable of antigen uptake and presentationdwithin a tissue also provides a potential platform for immune cell communication, differentiation, and regulation. 6 These roles make lymphatic vessels and LECs, through their transport and immunologic functions, critical regulators of tissue inflammation. 7 Inflammation-associated lymphangiogenesis (IAL) is common in pathologies of acute and chronic inflammation. Studies in which IAL is blocked have predominantly demonstrated that it is necessary for the removal of excess fluid and cytokines and the trafficking of infiltrating immune cells from the tissue. 7 Deficient lymphatic architecture and reduced lymphatic function have also been reported to cause and/or result from adipose expansion and obesity. 8e13 Expansion of lymphatic vasculature or preserving lymphatic function in adipose tissue may thus provide a mechanism to regulate obesity-induced adipose inflammation and restore systemic metabolic fitness.
Lymphangiogenesis, much like blood angiogenesis, is regulated and counterregulated by multiple signaling pathways and influenced by several cells types. 14 The predominant signaling mechanism, the most studied and most manipulated, is that of vascular endothelial growth factor receptor (VEGFR)-3 activation by its ligands VEGF-C and VEGF-D. Blockade of VEGFR-3 and supplementation with VEGF-C/D have been used as strategies to manipulate IAL and demonstrate its importance. 7, 14 These studies have generally confirmed that IAL supports the resolution of inflammation, although efficacy, mechanism, and response vary from tissue to tissue. 7 We have recently characterized a novel mouse model in which murine VEGF-D can be specifically induced in a tissue-specific manner through a doxycycline-controllable transgene. 15 Murine VEGF-D is unique in that, unlike human VEGF-D or either species' VEGF-C, it only activates VEGFR-3 and thus has minimal ability to influence blood angiogenesis or blood vessel permeability. 15, 16 We have demonstrated that chronic adipose-specific VEGF-D expression leads to the development of a de novo lymphatic vasculature in multiple adipose tissues (which are mostly devoid of an endogenous lymphatic vasculature) over a period of months. 15 Herein, we use this inducible adipose VEGF-Deoverexpressing (Adipo-VD) mouse coupled with chronic high-fat diet feeding to identify the impacts of increased VEGFR-3 signaling and lymphatic density in obese fat. Despite equivalent weight gain, Adipo-VD mice demonstrate reduced systemic insulin resistance, liver lipid deposition, and adipose immune accumulation compared with their littermates. These findings highlight the importance of lymphatic expansion in maintaining tissue homeostasis and identify a new potential target in the amelioration of the metabolic syndrome associated with obesity.
Materials and Methods

Animals
Tetracycline-response element (TRE) promoter VEGF-D mice (TREeVEGF-D) were generated as described. 15 TREeVEGF-D mice were mated with adiponectin-promoter (AdipoQ) advanced reverse tetracyclineedependent transactivator (rtTA) mice for adipocyte-specific expression. 17, 18 Mice were continuously backcrossed to C57Bl/6J for a minimum six generations, with typically male AdipoQ-rtTA þ/À , TREeVEGF-D þ/þ mice breeding with wild-type females.
All mice used were hemizygous for the TREeVEGF-D transgene, but they were either wild type or hemizygous for the AdipoQ-rtTA transgene. All experiments were performed with males or females (as indicated) and their immediate littermates (or combined litters at time of weaning), typically in groups of two age-matched cages (thus, four versus six or five versus five groups). Mice were housed in Association for Assessment and Accreditation of Laboratory Animal Care Internationaleapproved housing with 12-hour light-dark cycles and ad libitum access to water and food. Doxycycline-containing diets were supplied to all mice in all studies so as to normalize any effects of doxycycline itself on metabolism. Custom chow diet (Bio-Serv F4107; Bio-Serv, Flemington, NJ) or 60% kcal from fat [D16042102, lard based (supplemented D12492) used throughout or modified with 100% of lard oil replaced with 100% palm oil for high saturated fat studies (D16012108) or 66% safflower oil for unsaturated-enriched studies (D16042304); Research Diets, Inc., New Brunswick, NJ] containing 600 mg/kg doxycycline was supplied to all mice for the time periods described. Diets were initiated at 8 to 12 weeks of age, with most studies performed after 16 weeks of diet. All animal study protocols were approved by the Institutional Animal Care and Use Committee at Texas A&M University (College Station, TX) or the University of Texas Southwestern Medical Center (Dallas, TX).
Body Composition Analysis and Systemic Respiration
Body composition of mice was measured biweekly using an EchoMRI 100H (EchoMRI LLC, Houston, TX) or Bruker LF50 BCA-Analyzer (Bruker, Billerica, MA) immediately before euthanization. Composition is reported as percentage of total mass lean, fat, and fluid. Adipose depot wet weights were measured on dissection.
To measure metabolic activity, food and water intake, and locomotion, mice were housed for 72 hours (24-hour acclimatization, 48-hour reported measures) in TSE Phe-noMaster cages (TSE Systems, Inc., Chesterfield, MO) with recorded ad libitum access to their respective diets and water.
Tissue, Protein, and RNA Preparation
After exsanguination under isoflurane, tissues were harvested and either immediately fixed in 10% buffered zinc formalin or flash frozen in liquid N 2 for protein and RNA extractions. The entire s.c. inguinal white adipose tissue depotdequivalent to mammary pads 4 and 5 in femalesdwas excised and represented as IWAT throughout. The gonadal visceral white adipose tissue depot (attached to the male epididymis or female Adipose VEGF-D, Lymphatics, Metabolism
The American Journal of Pathologyajp.amjpathol.org uterus) was excised. The interscapular brown adipose depot was trimmed of surrounding white adipose tissue and represented as BAT throughout. Proteins were extracted by homogenization in TNET buffer (Tris, 50 mmol/L; NaCl, 150 mmol/L; EDTA, 1 mmol/L; Triton X-100, 1%; pH 8.0) with protease and phosphatase inhibitors added (ThermoFisher, Waltham, MA). For adipose depots, detergent-free buffer was first used, the samples were spun to remove excess lipid, 10% Triton X-100 was added (for a final 1%), and pellet was rehomogenized. All proteins were normalized to 3 to 5 mg/ mL in TNET after bicinchoninic acid assay; measures of protein concentration were read on a SpectraMAX 250 (Molecular Devices, San Jose, CA). Liver and muscle (total quadricep or total gastrocnemius, as indicated) proteins were similarly processed in full TNET buffer. RNAs were extracted using a Zymo Direct-zol RNA Miniprep Plus, according to the manufacturer's instructions (Zymo Research, Irvine, CA). Reverse transcription of 1 mg RNA was performed according to the iScript cDNA Synthesis kit instructions (Bio-Rad Laboratories, Inc., Hercules, CA).
Protein Quantitation by Western Blot Analysis
Tissue protein extracts were heated for 5 minutes at 95 C in 5Â Laemmli buffer containing 100 mmol/L dithiothreitol. Protein (5 to 50 mg) was loaded into wells of Mini-Protean TGX, any kDa (Bio-Rad Laboratories, Inc.), or Novex WedgeWell 4% to 20% Tris-Glycine (Invitrogen, Carlsbad, CA) gels and separated by gel electrophoresis. Gels were transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.); incubated with primary antibodies against uncoupling protein 1, phosphorylated hormone-sensitive lipase, hormone-sensitive lipase, phosphorylated Akt, or Akt overnight (Table 1) ; labeled by the appropriate IR800 Dye (LI-COR Biosciences, Lincoln, NE) conjugated secondary antibodies; and scanned on an Odyssey (LI-COR Biosciences). Densitometry was measured using Image Studio software version 4.0 (LI-COR Biosciences) and normalized to the b-actin signal for each sample (indicated with an IR700 secondary).
Quantitative Real-Time RT-PCR
Biorad iTaq universal SYBR Green supermix (Bio-Rad Laboratories, Inc.) was used with adipose tissue cDNAs in 5 mL reactions on a 384-well 7900T quantitative PCR machine (Applied Biosystems, Foster City, CA). Analyses in adipose tissues used Ubc as the most reproducible universal control, with expression represented as 2 ÀDDCt compared with the ÀrtTA littermates. Primer sequences are listed in Table 2 .
Histology and Immunofluorescence
After 24-hour fixation, tissues were rinsed in water and stored in 50% ethanol until processed for paraffin embedding. Sections (3e4mm thick) were cut from all tissues.
Adipose depots were sectioned to maximize area (and include the lymph node, in the case of inguinal adipose).
Tissue sections were stained by Masson's trichrome method for visualizing adipose tissue and matrix density. For immunofluorescence, sections were deparaffinized, rehydrated, and subjected to 10 minutes of citrate buffer boiling (Vector Labs, Burlington, CA) antigen retrieval when necessary. Tissues were labeled with primary antibodies against LYVE-1, endomucin, podoplanin, VEGFR-3, Prox-1, and Mac-2 (Table 1) , with fluorophoreconjugated secondary detection. Immunofluorescence was imaged using an AxioObserver fluorescence microscopy system and MRc camera (Zeiss, Thornwood, NY) or an Eclipse E600 microscope (Nikon, Melville, NY), and images were captured using cellSens Standard version 1.18 imaging software (Olympus, Waltham, MS).
Whole-mount preparations of adipose tissue were first fixed for 24 hours, then maintained in 0.3% Triton X-100 in phosphate-buffered saline for 24 hours before the tissues were cut into <1-cm 3 size and incubated in antibodies and against LYVE-1 for 4 days; this was followed by rinsing and 48-hour secondary antibody incubation. Adipose pieces 
HSL, hormone-sensitive lipase; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; Mac-2; pAkt, phosphorylated Akt; pHSL, phosphorylated HSL; Prox-1, prospero homeobox protein 1; RRID, research resource identifier; UCP-1, uncoupling protein 1; VEGFR-3, vascular endothelial growth factor receptor-3.
were imaged on a Zeiss Stallion Digital Imaging Workstation using a CoolSnap HQ Camera (Photometrics, Tuscon, AZ) with external ventilation.
Oral Glucose, Lipid Clearance, and Insulin Tolerance Tests
An oral load of 1.4 mol/L glucose solution at 10 mL/g or Intralipid (Baxter, Deerfield, IL) at 10 mL/g was given after a 3-hour fast. For insulin, an i.p. injection of 0.75 U/kg was delivered. Lipid experiments were performed 2 weeks before and glucose experiments were performed 1 week before the terminal end point. Blood samples were collected from the tail tip at the times indicated in the experiments. Glucose and serum triglycerides were measured by Sigma Diagnostics Glucose reagent and Infinity reagent (Thermo-Fisher) spectrophotometric assay, respectively. Serum insulin concentrations were determined by enzyme-linked immunosorbent assay, according to the manufacturer's instructions (Crystal Chem, Downer's Grove, IL). Serum cholesterol levels were measured by Amplex Red Cholesterol Assay Kit (ThermoFisher).
Tissue Lipid Uptake and Oxidation
To track the uptake and oxidation of triglyceride from circulation, 3 H-triolein (PerkinElmer, Waltham, MA) was added to Intralipid for i.v. infusion (2 mCi per mouse in 200 mL of 5% Intralipid) after a 5-hour fast, as previously described. 19 Blood was collected at 1, 2, 5, 10, and 15 minutes after infusion to analyze systemic clearance. Mice were immediately euthanized by exsanguination under isoflurane, and tissues samples were collected and weighed. Tissues were homogenized in 2:1 chloroform/methanol, mixed with 1 mol/L CaCl 2 , and centrifuged. The lipid and aqueous fractions were thus separated, representing absorbed and oxidized triglycerides, respectively; measured for tritium decays per minute on a PerkinElmer Tri-Carb 3110 TR liquid scintillation counter; and normalized to tissue mass.
Lipolysis Induction
To stimulate lipolysis in vivo, mice were administered a b-3 adrenergic receptor agonist, 1 mg/kg CL-316,243 (Sigma, St. Louis, MO), intraperitoneally after a 5-hour fast. Blood Forward Reverse
Common names and variant names provided. All sequences were verified through National Center for Biotechnology Information Primer-BLAST (https://www. ncbi.nlm.nih.gov/tools/primer-blast), and single products were confirmed with a dissociation step after amplification.
samples were collected at 0, 15, 30, 45, 60, and 120 minutes after injection and measured for glucose (as above), glycerol by free glycerol assay (Sigma), and nonesterified fatty acids (Wako Diagnostics, Mountain View, CA).
Adipose depots were tested for lipolysis ex vivo using b-1 adrenergic stimulation with isoproterenol (10 mmol/L). Depots were excised, weighed, placed into 37 C basal Dulbecco's modified Eagle's medium, and grossly minced. After 1 hour, 10% of the media was removed and replaced with media containing isoproterenol. After 1 hour, that media, and the 1-hour media, were measured for glycerol by free glycerol assay (Sigma). Results are expressed as fold change compared with unstimulated samples.
The stromal vascular fraction of Adipo-VD and littermate inguinal adipose tissue was isolated, cultured, and differentiated to white-and brown-like adipocytes, as previously described. 20, 21 White cell differentiation was induced using a cocktail of insulin, dexamethasone, isobutylmethyxanthine, and rosiglitazone (all from Sigma) and maintained with 5 mg/mL insulin. Brown differentiation was induced with a cocktail of dexamethasone, isobutylmethyxanthine, and indomethacin. Brown cells were maintained with added insulin and triiodothyronine. Doxycycline (1 mmol/L final) was provided in the media throughout differentiation. Ten days after initiating differentiation, lipolysis was stimulated by isoproterenol. Glycerol secretion was measured as with the ex vivo tissues, above.
Lymph Node Fluorescence Uptake
Intradermal injections (20 mL) of 2 mg/mL fluorescein isothiocyanate dextran (70 kDa; Molecular Probes, Eugene, OR) were made subcutaneously into the top of the right hind foot. Mice were sacrificed 30 minutes later (as above), and the popliteal, inguinal, and axillary lymph nodes were collected from both sides of the mouse. Nodes were homogenized in radioimmunoprecipitation assay buffer, and the fluorescence density at 488 nm was measured on a SpectraMAX Gemini fluorescence plate reader (Molecular Devices, Sunnyvale, CA) with the negative side subtracted as baseline. Protein concentrations of the same sample were measured by bicinchoninic acid assay and used to normalize fluorescence.
Flow Cytometry
Tissues were collected, minced, and incubated for 1 hour in digestion buffer (100 mmol/L HEPES, 120 mmol/L NaCl, 50 mmol/L KCl, 5 mmol/L glucose, 1 mmol/L CaCl 2 , 1.5% bovine serum albumin, and 1 mg/mL Collagenase D; Sigma) with regular gentle agitation at 37 C. Digests were strained through 40-mm cell strainers, red blood cells were lysed (in 155 mmol/L NH 4 Cl, 10 mmol/L KHCO 3 , and 0.1 mmol/L EDTA), and cell pellets were resuspended in flow buffer (phosphate-buffered saline with 0.5% fetal bovine serum and 0.1 mmol/L EDTA). All samples were first blocked using anti-CD16/CD32 for 10 minutes. Cells were then incubated with antibodies against CD45.1, CD45.2, F4/80, CD19, CD3e, and CD11c, with dead cells stained with DAPI (Table 1) . Cell preparations were analyzed on a BD LSR Fortessa X-20 flow cytometer (BD Biosciences, San Jose, CA). In immune population analysis experiments, 10,000 immune events were analyzed. In CD45.1 infusion experiments, 3 million splenocytes sterilely isolated from CD45.1 þ FVB mice (prepared as cells above) were injected intravenously 24 hours before euthanasia. In these experiments, the entire volume of adipose sample was analyzed for total cell numbers of the respective populations. Analysis was performed by first gating for immune populations by FS/SS, singlets, and living cells that were CD45.2 or CD45.1 þ before subpopulation identification as a fraction of total (or CD45 þ ) events.
Image Analysis
Image analysis was performed using ImageJ software version 1.52 (NIH, Bethesda, MD; http://imagej.nih.gov/ij) to determine the positive immunolabeled areas for LYVE-1, endomucin, or Mac-2 on sections from adipose depots, muscle, heart, liver, and pancreas. For each quantified tissue, four to five random fields were captured at Â10 magnification (as above) as the tissue area permitted at the same exposure settings for each fluorophore. Larger vessels and tissue defects were purposefully avoided. In ImageJ, positive labeling was identified by a fluorescence threshold and measured as that area/total area. Adipocyte size was calculated using the Adiposoft plug-in for ImageJ on equivalent random imaging captured from trichrome-labeled s.c. adipose sections. Images were first averaged per animal, then per group.
Statistical Analysis and Data Presentation
In all studies, all mice carry equal copies of the TRE-VEGF-D transgene (VD). The lack or the presence of the AdipoQ-rtTA transgene designates Adipo-VD versus littermates, respectively. All studies tried to use minimally four versus six or five versus five groups of mice [except metabolic cage studies that were two versus three (one wild-type mouse refused to eat)]. Mice were genotyped for the rtTA transgene at termination, which altered some planned group numbers. In each experiment, statistical significance was tested by unpaired t-test comparisons, assuming unequal variance between the Adipo-VD þ and littermate groups using GraphPad Prism software version 7.05 (GraphPad Software, La Jolla, CA). For grouped column data, multiple comparison t-tests were performed with the recommended Holm-Sidak correction in GraphPad Prism software. For time-dependent data or grouped data, analysis of variance was applied with Bonferroni post hoc analyses to determine the significance. Data are presented as means AE SD; timedependent graphs display SEMs only for visual clarity.
Average areas under the curves were calculated using the trapezoidal method and provided when significant. P < 0.05 was considered significant.
Results
VEGF-D Overexpression by Adipocytes Drives Marked Adipose Tissue Lymphatic Expansion in Obesity
Obesity-associated inflammation increases gene expression of the VEGFR-3 ligands, VEGF-C and VEGF-D ( Figure 1A) , but elicits no discernible lymphatic expansion in male murine s.c. adipose tissue. 22, 23 VEGF-D overexpression can induce lymphatic expansion in adipose tissue, but only after a period of 2 to 4 months in Adipo-VD mice. 15 To test the impact of increased lymphatics on adipose function and inflammation in obesity, Adipo-VD mice were placed on a 60% kcal from fat diet containing 600 mg/kg doxycycline for 4 months. VEGF-D expression was significantly increased in white s.c. inguinal ( Figure 1B) , visceral gonadal (Supplemental Figure S1A) , and interscapular BAT depots ( Figure 1C ). This resulted in increased expression of RNA for lymphatic endothelial cell genes Lyve1, Prox1, and Vegfr3, which significantly increased in these depots, with BAT exhibiting the highest fold change. Immunofluorescence confirmed a marked increase in lymphatic structures in s.c. inguinal adipose ( Figure 1D ), ranging from full infiltration to discontinuous groups of LECs (Supplemental Figure S1B ). Image analysis for LYVE-1 þ areas demonstrated a significant increase in lymphatics and no change in blood capillary density, measured by endomucin þ area ( Figure 1E ). In brown adipose, lymphatic expansion was tremendous, with the entire tissue consistently filling with LECs ( Figure 1F ). Quantitation of LYVE-1 þ area confirmed a significant increase in these structures, with no significant impact on the brown adipose endomucin-labeled blood capillary network ( Figure 1G ). Whole-mount imaging identified LYVE-1 þ cells in inguinal adipose tissue, previously described as macrophages, 24 throughout the tissue of wild-type littermates ( Figure 1H ). LYVE-1 þ lymphatic structures, ranging from capillary-like structures to lymphatic sheets and often demonstrating the common lymphatic hexagonal patterning, were identified in IWAT ( Figure 1H and Supplemental Figure S1B ). The dense lymphatic patterning in BAT cross-sections appeared as sheets when imaged by whole-mount imaging (Supplemental Figure S1C ). Despite some increases in lymphatic gene expression, no LYVE-1 þ structures were identified by immunofluorescence in male gonadal adipose depots (data not shown). New lymphatic structures in adipose were confirmed to be positive for other LEC markers, podoplanin and Prox-1 ( Figure 1I ) and VEGFR-3 ( Figure 1J ). Changes in lymphatic density were limited to adipose tissue depots, with no differences in LYVE-1 þ area or intensity measured in the liver sinusoids (Supplemental Figure S2, A and B) , heart (Supplemental Figure S2C ), intestine (Supplemental Figure S2D ), skeletal muscle, or pancreas (data not shown). Lymphatic collecting vessel transport was not inhibited by elevated VEGF-D, as measured by long-distance transport of 70-kDa dextran from the periphery (Supplemental Figure S2E ). The adipose specificity, elevation of VEGF-D levels, and degree of lymphangiogenesis were similar to previous characterization under chow-fed conditions, 15 suggesting that concurrent high-fat feeding itself does not greatly inhibit lymphatic expansion.
Adipo-VD Mice Exhibit Improved Glucose Disposal and Insulin Sensitivity in Obesity
Chronic high-fat diet feeding is used in mice to drive obesity and the metabolic syndrome. Adipo-VD mice gained equivalent weight to their control littermates over 4 months of high-fat diet (Figure 2A ). Body mass composition measurements revealed a small increase in adiposity in obese Adipo-VD mice ( Figure 2B ). Similar to the findings in chow (Supplemental Figure S3A) , adiposity appeared to be balanced across all depots, with no single weighed depot demonstrating a notable difference in mass ( Figure 2C ). Adipo-VD mice exhibited no systemic edema because overall free water was reduced. The average adipocyte lipid droplet radius measured on trichrome-stained inguinal adipose tissue sections was equivalent in Adipo-VD mice (Supplemental Figure S3B) .
When challenged by an oral glucose tolerance test, male Adipo-VD mice consistently demonstrated significantly improved glucose clearance (Figure 2 , D and E). Insulin levels during the test were not greatly different (Figure 2 , F and G). Female obese Adipo-VD mice also demonstrated improved glucose handling (Supplemental Figure S4 , A and B). Improved glucose handling during loading was only seen when challenged in the obese state: chow-fed mice demonstrated no difference (Supplemental Figure S4C) , and basal blood glucose levels after a 3-hour fast were equivalent in Adipo-VD mice on either chow or high-fat doxycycline diets (Supplemental Figure S4D) .
Reduced insulin signaling is characteristic of the metabolic syndrome. Fed insulin levels were reduced in obese Adipo-VD mice ( Figure 2H ). No measured Adipo-VD tissues demonstrated an increase in Akt phosphorylation after insulin injection compared with littermates ( Figure 2I ). An insulin tolerance test demonstrated a small difference in glucose levels, but no cumulative difference once the areas under the curve were calculated (Figure 2 , J and K). Adipo-VD mice fed doxycycline-containing high-fat diet for 1 monthdinsufficient to increase lymphatic density but with elevated local VEGF-D expressionddemonstrated no change in glucose handling ( Figure 2L ). Combined, longterm VEGF-D overexpression, specifically in the adipose tissue and necessary to expand lymphatics, appears necessary to improve glucose loading response in obese mice. 
Adipo-VD Mice Fatty Acid Handling Is Largely Unchanged
Elevated lipids and systemic lipotoxicity have been identified as the primary driver of insulin resistance in obesity. Lymphatic vessels are a route of both dietary fatty acid transport as well as peripheral reverse cholesterol transport. 25 Differences in lipid handling in Adipo-VD mice were, therefore, determined. Fasting triglyceride levels were unchanged in Adipo-VD mice regardless of diet ( Figure 3A) , although circulating cholesterol levels were surprisingly lower in obese Adipo-VD mice ( Figure 3B ). Oral triglyceride delivery and clearance were unchanged in obese Adipo-VD mice compared with littermates ( Figure 3C) ; a small early increase in appearance was measured under chow-fed conditions (Supplemental Figure S5A ). Despite this lack of circulating differences, obese Adipo-VD livers contained significantly less triglyceride ( Figure 3D ), suggesting Adipo-VD adipose tissue was efficiently storing lipid.
Quantitative PCR analysis of s.c. adipose tissue demonstrated a variably increased expression of adipocyte browning genes, with Prdm16 being significantly elevated ( Figure 3E ). Mirroring these findings, protein levels of uncoupling protein 1 were elevated in obese Adipo-VD IWAT ( Figure 3F ) by immunoblot; increased uncoupling protein 1 protein was also measured in chow-fed Adipo-VD white adipose (Supplemental Figure S5B ). To directly measure lipid uptake and oxidation in tissues, 3 H-triolein, a triglyceride analog, was infused intravenously. 3 the lipid and aqueous fractions of tissues represent the uptake and oxidation of tissues, respectively. Across the eight tissues measured, only gonadal adipose tissue demonstrated significantly increased triglyceride uptake in obese Adipo-VD mice ( Figure 3G ). Oxidation was largely unchanged across the tissues of obese mice ( Figure 3H) ; chow-fed mice also exhibited no remarkable differences (Supplemental Figure S5, C and D) . Thus, overall basal lipid handling was similar. Adipo-VD mice on a chow diet demonstrated reduced dark cycle respiratory exchange ratio, food intake, and movement in metabolic cage studies (Supplemental Figure S5, EeH) . Obese Adipo-VD mice, however, exhibited an increased cumulative respiratory exchange ratio and ate more during dark cycles than their littermates (Figure 3 , IeK, and Supplemental Figure S5I ). No differences were measured in heat production in either lean or obese Adipo-VD mice (Supplemental Figure S5 , J and K), and leptin levels were comparable in obese Adipo-VD mice (Supplemental Figure S5L ). Obese Adipo-VD mouse white adipose tissue thus appeared to function with only minor differences in lipid uptake and storage.
H counts in
Increased Adipose Lymphatic Density Enhances Glycerol Flux during Lipolysis
Glycerol is one of the few metabolites found to be enriched in peripheral lymph over venous blood. 26 It was, therefore, studied whether increased adipose lymphatic density improved glycerol flux from adipose tissue during lipolysis.
After b-3 adrenergic receptor stimulation, chow-fed Adipo-VD mice demonstrated a rapid and significant increase in circulating glycerol levels ( Figure 4A ). Increased circulating free fatty acid levels, however, were equivalent to Adipo-VD littermates, suggesting no overall enhancement of lipolysis per se in Adipo-VD adipose ( Figure 4B ). Serum glucose levels decreased equally after adrenergic stimulation ( Figure 4C ). Obese Adipo-VD mice also demonstrated significantly higher serum glycerol levels during lipolysis ( Figure 4D ) with, like under chow-fed conditions, equivalent free fatty acid levels ( Figure 4E ). Further demonstrating the enhanced glucose disposal in obese Adipo-VD mice compared with their littermates, serum glucose levels decreased significantly during lipolysis: a remarkable response not normally measured in obese, insulin-resistant mice ( Figure 4F ). In addition, obese Adipo-VD inguinal adipose tissues demonstrated reduced hormone-sensitive lipase phosphorylation after insulin injection ( Figure 4G ), suggesting improved lipid storage.
To test that changes in glycerol flux were not inherent to the Adipo-VD adipocyte endogenous lipolytic capacity, IWAT and gonadal visceral white adipose depots were removed from Adipo-VD and littermate mice and treated with isoproterenol, a b-1 adrenergic receptor stimulant, ex vivo. No differences were measured in media glycerol levels after 1-hour stimulation ( Figure 4H) . Similarly, preadipocytes derived from Adipo-VD and littermate inguinal and brown adipose depots and differentiated in the presence of doxycycline displayed no difference in basal or isoproterenol-stimulated lipolysis ( Figure 4I ). Elevated serum glycerol levels during lipolysis thus appear to be through lymphatic transport or some factor only present in vivo.
VEGF-D Expression Does Not Increase Fibrosis or Inflammation in Obese Adipo-VD Adipose
Fibrosis, inflammation, and immune accumulation are indicative of dysfunctional adipose in obesity. Absent other inflammatory stimuli, increased VEGFR-3 signaling can recruit tissue macrophages. 15, 27 Under high-fat diet challenge, Adipo-VD mice displayed no increase in fibrosis in s.c. inguinal adipose tissue judged by trichrome staining ( Figure 5A ), and genes for common adipose tissue collagens were not increased compared with obese littermates ( Figure 5B ). Elevated VEGF-D levels in Adipo-VD mice are, therefore, not more profibrotic under obese conditions.
Similar to the fibrotic response, inflammatory cytokine protein levels, measured by Luminex Multiplex assay (MilliporeSigma, Burlington, MA), were not increased in obese Adipo-VD mouse IWAT ( Figure 5C ). Only IL-4, a type 2 helper T-cell cytokine, was significantly elevated. Gonadal adipose tissue protein profiling demonstrated a similar response, with no changes measured (Supplemental Figure S6A ). Brown adipose tissue, which had higher VEGF-D induction than white depots in obese Adipo-VD mice, likewise exhibited no increase in inflammatory proteins measured; tumor necrosis factor-a levels were reduced ( Figure 5D ). Obese Adipo-VD mice do not display increased adipose inflammation and suggest a potential reduction.
Resident immune cells were reduced in obese Adipo-VD mouse adipose. Fewer Mac-2 þ macrophage crown-like structures were identified and quantified in Adipo-VD inguinal adipose tissue ( Figure 5 , E and F). No Mac-2 þ cells were identified within brown adipose tissue ( Figure 5F ). Flow cytometry analysis of chow and obese Adipo-VD white adipose depots was performed. Under chow-fed conditions, VEGF-D increased the number of CD45 þ immune cells in inguinal and gonadal adipose tissue ( Figure 5, G and H) . F4/80 þ macrophages were identified as the predominant immune population in both depots ( Figure 5I and Supplemental Figure S6B ). In Adipo-VD inguinal adipose, however, the proportion of F4/80 þ cells was decreased, and CD19 þ B cells were increased ( Figure 5I ). This shift was not seen in the gonadal adipose (Supplemental Figure S6B ). During obesity, increased numbers of immune cells are present in adipose tissues ( Figure 5G) , with increased CD3e þ T-cell infiltration ( Figure 5J and Supplemental Figure S6C ). In obese Adipo-VD inguinal adipose, however, there was no increase in total CD45 þ cells ( Figure 5G ). Similar to chow-fed conditions, adipose VEGF-D expression shifted the relative populations of immune cell types, with a reduced proportion of F4/80 þ macrophages (confirming the crown-like structure quantitation) and increased CD19 þ B cells ( Figure 5J ). In gonadal adipose, which exhibited limited VEGF-D expression or lymphangiogenesis, no changes in immune populations were identified (Supplemental Figure S6C ). Splenic populations were unchanged on chow (Supplemental Figure 6D) . A small decrease in CD19+ cells was found in the spleens of obese Adipo-VD mice (Supplemental Figure 6E ).
To determine if increased lymphatics provide a route for immune cell efflux from Adipo-VD adipose tissue, splenocytes were isolated from FVB mice that carry the CD45.1 isoform and infused into obese Adipo-VD mice and littermates (that carry the CD45.2 isoform). The numbers of CD45.1 þ cells identified in IWAT and gonadal visceral white adipose depots were the same ( Figure 5K ), indicating that trafficking into the tissues was largely unchanged. The ratio of CD45.1 þ cells within the inguinal depot compared with the inguinal lymph nodeethe presumed drainage point of adipose lymphaticsewas, however, significantly reduced ( Figure 5L ), suggesting increased trafficking via lymphatics from the adipose interstitium.
Adipo-VD mice challenged with a standard commercial 60% kcal from fat diet (a mix of fatty acids) were metabolically healthier than their littermates. If Adipo-VD mice were made obese on a diet containing mostly unsaturated fatty acids, they also performed better during an oral glucose challenge ( Figure 6, A and B) . Saturated fatty acids, particularly palmitate, increase inflammation further. 28 Adipo-VD mice fed a high-fat diet composed of mostly palmitate did not demonstrate improved glucose handling ( Figure 6 , C and D). Obese Adipo-VD mice are metabolically improved, in part through a limited reduction in adipose tissue inflammation or immune accumulation.
Discussion
The roles of inflammation-induced lymphangiogenesis in fluid, macromolecule, and immune cell clearance make the lymphatic vasculature an attractive potential target in adipose tissue inflammation. 7, 29 Obesity, however, alters lymphatic architecture and reduces lymphatic vessel function, and dysfunctional lymphatic vessels result in local adipose tissue expansionda vicious cycle highlighting the potential importance of lymphatic circulation in metabolic health. 2, 10, 12, 13, 30 Herein, we demonstrate that augmenting VEGF-D signaling specifically in adipose tissue induces lymphangiogenesis and improves glucose and lipid homeostasis during obesity. Multiple factors appear to contribute to this improvement. Systemic glucose handling was improved and liver lipid deposition was reduced in obese Adipo-VD mice. Adipo-VD mice demonstrated improved respiration and well-being despite similar weight and adiposity. Fewer adipose resident macrophages were found in Adipo-VD white adipose tissues. Although each effect was individually small, in total, chronically elevated VEGF-D signaling and an increased presence of lymphatic structures in Adipo-VD mouse adipose tissue reduced adipose tissue dysfunction in obesity.
Inflammatory adipose tissue expansion in obesity has been identified as the primary driver of the metabolic syndrome etiology. Rapid adipose expansion is characterized by hypoxia, immune cell residency, and tissue fibrosis, resulting in adipocytes that fail to properly store excess calories. 1, 31 Dysregulated lipolysis in adipocytes leads to increased circulating lipid levels and ectopic lipid deposition in other tissues, resulting in their own insulin resistance. In preclinical studies that have increased obese adipose tissue blood vascularization, eliminated immune cell populations, or manipulated extracellular matrix fibrosis, adipose tissue health and systemic glucose homeostasis are restored. 32, 33 VEGFR-3 signaling has been previously linked to increase inflammation and reduce insulin sensitivity in obesity. 22, 27 Mice expressing elevated VEGF-C under the keratin 14 promoter demonstrate metabolic dysfunction on chow diet that continues when mice are challenged with high-fat feeding. 27 Elevated numbers of CD11b þ macrophages were identified in mice expressing elevated VEGF-C under the keratin 14 promoter s.c. IWAT. 27 In a similar study, systemic blockade of VEGFR-3 signaling during obesity reduced the chemotactic effects of endogenous VEGFR-3 ligands in adipose tissues, which are elevated in obesity, and thereby reduced adipose macrophage numbers and improved metabolism. 22 These findings are in complete agreement with the current study. Indeed, we demonstrate that in our chow-fed Adipo-VD mice with adipose tissue otherwise at a healthy homeostasis, specifically elevating VEGF-D levels ajp.amjpathol.org -The American Journal of Pathology is not only lymphangiogenic, but is also chemotactic, inducing fibrosis, macrophage accumulation, and elevated cytokine levels in adipose tissue. 15 The current obesity study is different from past work, however, because mice expressing elevated VEGF-C under the keratin 14 promoter or systemic VEGFR-3 blockade did not alter adipose lymphangiogenesis; Adipo-VD mice are the first demonstration of this potential. In obesity, when the overall endogenous inflammatory milieu is increased, the current data demonstrate that a modest increase in VEGF-D levels and the novel induction of adipose lymphangiogenesis achieved in Adipo-VD mice appear to supersede this inflammatory effect with a now equivalent, or better, cytokine profile and reduced total immune cell numbers. Adipo-VD mice demonstrate little to no change in visceral adipose lymphatics, suggesting that the IWAT and BAT depots depend on progenitors from the skin (a unique, nonvenous pool 34 ) such that the lymphangiogenic gradient must initiate from the adipose and not be inhibited/induced from skinspecific transgene expression. Identifying the origin of these new lymphatics or other potential roles of adipose-specific VEGFR-3 signaling in obesity are thus unique to the Adipo-VD mouse.
Properly functioning lymphatic vessels remove fluid, antigens, and cytokines and provide for immune cell egress from peripheral tissues. This reduces the local inflammatory burden and allows for a regulated immune response in the draining lymph node. 5, 7, 35 Recent research has also highlighted an emerging role for LECs to function as antigen-presenting cells, induce dendritic cell activation, and regulate T-lymphocyte function. 6, 36, 37 IAL has the potential to form tertiary lymphoid organs: peripheral sites of lymphatic-immune interaction and regulation. 37e39 Adipo-VD exhibited reduced total immune cell numbers and increased trafficking from adipose tissue to the sentinel lymph node, resulting in improved tissue health; whether this is by immune cell removal or aiding in the immune regulation of tissue remodeling remains to be identified in our model. VEGF-D and/or lymphatics appear to increase adipose B-cell numbers in Adipo-VD mice, suggesting a potential change in the adaptive immune response or tertiary lymphoid organ formation. Further immune/inflammatory profiling may identify these changes. It will be exciting to identify these mechanisms because they are potentially relevant to other adipose-associated conditions, such as lymphedematous adipose tissue, pathologic lipedema, and Crohn disease. 7 Lymphatic vessel fluid and macromolecule transport is also important for adipose homeostasis. Leaky collecting lymphatic vessels can drive adipogenesis, 40, 41 and severed lymphatics, as in lymphedema, result in upstream adipose expansion. 10, 42 Genetically correcting leaky lymphatics prevents obesity in mice. 43 Although we were unable to determine how expanded adipose lymphatics alter tissue hydrostatic and osmotic gradients, the Adipo-VD mouse may have revealed a previously unappreciated role for lymphatic metabolite flux. Human studies have identified higher interstitial glycerol concentrations in obese adipose than venous blood, and glycerol is the sole metabolite enriched in lymph. 26, 44, 45 It was identified that increased lymphatic density may provide a route for increased glycerol transport from the adipose tissue interstitium during b-3 adrenergic stimulated lipolysis in Adipo-VD mice. Whether VEGF-D signaling regulates other soluble factors or the physiology of other metabolic regulatory systems (eg, adipose-central feedback or in cholesterol homeostasis 46 ) remains to be fully elucidated and would make other potentially VEGFR-3 expressing cells new targets in disease.
Lymphatic vessels and adipose tissue share an intimate relationship in both their proximity and roles in lipid handling. 2, 11 Although the overall metabolic effect in obese Adipo-VD mice is subtle, the mouse model now provides a novel platform on which to further identify lymphatic capillary roles in adipose tissue health and metabolism. An increased appreciation of these roles should make targeting lymphatic endothelial cell biology and lymphatic vessel function part of any integrated approach toward obesity and other diseases of adipose inflammation.
